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STORAGE CONTROL SYSTEM WITH 
POWER-OFF TIME ESTIMATION 
MECHANISM AND METHOD OF 

OPERATION THEREOF 

2 
The present invention provides a storage control system, 

including: a power-down module for powering off a memory 
sub-system; a decay estimation module, coupled to the 
power-down module, for estimating a power-off decay rate 

TECHNICAL FIELD 

The present invention relates generally to a storage con­
trol system and more particularly to a system for data 
management. 

5 upon the memory sub-system powered up, the power-off 
decay rate is for indicating how much data in the memory 
sub-system has decayed while the memory sub-system has 
been powered down; and a recycle module, coupled to the 
decay estimation module, for recycling an erase block for 

10 data retention based on the power-off decay rate. 

BACKGROUND ART 
Certain embodiments of the invention have other steps or 

elements in addition to or in place of those mentioned above. 
The steps or elements will become apparent to those skilled 
in the art from a reading of the following detailed description Data storage, often called storage or memory, refers to 

computer components and recording media that retain digi­
tal data. Data storage is a core function and fundamental 
component of consumer and industrial electronics, espe­
cially devices such as computers, televisions, cellular 
phones, mobile devices, and digital video cameras. 

15 when taken with reference to the accompanying drawings. 

Recently, forms of long-term storage other than electro- 20 

mechanical hard disks have become feasible for use in 
computers. NOT-AND (NAND) flash is one form of non­
volatile memory used in solid-state storage devices. The 
memory cells are arranged in typical row and column 
fashion with circuitry for accessing individual cells. The 25 

memory transistors of those cells are placed to store an 
analog value that can be interpreted to hold two logical states 
in the case of Single Level Cell (SLC) or more than two 
logical states in the case of Multi Level Cell (MLC). 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a storage control system with power-off time 
estimation mechanism in an embodiment of the present 
invention. 

FIG. 2 is an exemplary hardware block diagram of the 
memory controller. 

FIG. 3 is an exemplary functional diagram of a number of 
the erase blocks per each of the channels. 

FIG. 4 is an exemplary functional diagram of a group of 
the erase blocks that share the same age. 

FIG. 5 is an exemplary functional diagram of the erase 
blocks with different ages. 

FIG. 6 is a workflow diagram of the memory controller. 
FIG. 7 is a detailed functional diagram of the decay 

estimation module. 
FIG. 8 is a flow chart of a method of operation of a storage 

control system in a further embodiment of the present 

A flash memory cell is light in weight, occupies very little 30 

space, and consumes less power than electromechanical disk 
drives. Construction of a storage system with this type of 
memory allows for much higher bandwidths and input/ 
output operations per second (IOPS) than typical electro­
mechanical disk drives. More importantly, it is especially 
rugged and can operate at a much high temperature range. It 
will withstand without adverse effects repeated drops, each 

35 invention. 

of which would destroy a typical electromechanical hard 
disk drive. A problem exhibited by flash memory is that it 
tends to have a limited life in use. 

Thus, a need still remains for better data, management 
devices. In view of the increasing demand for data manage­
ment devices, it is increasingly critical that answers be found 

40 

to these problems. In view of the ever-increasing commer­
cial competitive pressures, along with growing consumer 45 

expectations and the diminishing opportunities for mean­
ingful product differentiation in the marketplace, it is critical 
that answers be found for these problems. Additionally, the 
need to reduce costs, improve efficiencies and performance, 
and meet competitive pressures adds an even greater 50 

urgency to the critical necessity for finding answers to these 
problems. 

Solutions to these problems have been long sought but 
prior developments have not taught or suggested any solu­
tions and, thus, solutions to these problems have long eluded 55 

those skilled in the art. 

DISCLOSURE OF THE INVENTION 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

The following embodiments are described in sufficient 
detail to enable those skilled in the art to make and use the 
invention. It is to be understood that other embodiments 
would be evident based on the present disclosure, and that 
system, process, or mechanical changes may be made with­
out departing from the scope of the present invention. 

In the following description, numerous specific details are 
given to provide a thorough understanding of the invention. 
However, it will be apparent that the invention may be 
practiced without these specific details. In order to avoid 
obscuring the present invention, some well-known circuits, 
system configurations, and process steps are not disclosed in 
detail. 

The drawings showing embodiments of the system are 
semi-diagrammatic and not to scale and, particularly, some 
of the dimensions are for the clarity of presentation and are 
shown exaggerated in the drawing FIGS. 

Where multiple embodiments are disclosed and described 
having some features in common, for clarity and ease of 
illustration, description, and comprehension thereof; similar 

The present invention provides a method of operation of 
a storage control system, including: powering off a memory 
sub-system; estimating a power-off decay rate upon the 
memory sub-system powered up, the power-off decay rate is 
for indicating how much data in the memory sub-system has 
decayed while the memory sub-system has been powered 
down; and recycling an erase block for data retention based 
on the power-off decay rate. 

60 and like features one to another will ordinarily be described 
with similar reference numerals. The embodiments have 
been numbered first embodiment, second embodiment, etc. 
as a matter of descriptive convenience and are not intended 
to have any other significance or provide limitations for the 

65 present invention. 
The term "module" referred to herein can include soft­

ware, hardware, or a combination thereof in the present 
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invention in accordance with the context in which the term 
is used. For example, the software can be machine code, 
firmware, embedded code, and application software. Also 
for example, the hardware can be circuitry, processor, com­
puter, integrated circuit, integrated circuit cores, a micro- 5 

electromechanical system (MEMS), passive devices, envi­
ronmental sensors including temperature sensors, or a 
combination thereof. 

4 
For LBA=l to a total number of LBAs in an SSD 

Re-write (move) LBA 
LBA=LBA+l 

Another method relied on a host system doing enough 
writes in a given time period (days or weeks) as to have 
re-written the drive data completely in that give time period. 
The general recycling or garbage collection scheme would 
be enough to imply complete data movement with the data 
pool. If the drive was used for a read mostly or read only 

10 application, no recycling would take place and the data 
would fail to be reliable after shorter retention periods. This 
is still a problem in some Flash controllers used for Compact 
Flash (CF) cards, Secure Digital (SD) cards, and micro SD 

The term "erase block" referred to herein is defined as a 
group of pages that is the smallest number of pages that are 
erased at one time. The term "age" referred to herein is 
defined as a measure of an ability of a memory device 
including NAND to store data. For example, young-aged 
NAND has better data retention capability, and older-aged 15 

NAND has worse data-retention capability. Also for 
example, there are numerous methods for measuring NAND 
age, including program/erase (P/E) cycle counts, bit error 
rate (BER), program time, optimal read threshold, erase 

cards today. 
Referring now to FIG. 1, therein is shown a storage 

control system 100 with power-off time estimation mecha­
nism in an embodiment of the present invention. For 
example, FIG. 1 depicts a basic architecture or system-level 
block diagram of the storage control system 100 with a solid 

time, etc. 20 state drive. 

The term "bit error rate" (BER) referred to herein is 
defined as a number of incorrect bits in a data stream stored 

FIG. 1 depicts a memory sub-system 102 including a solid 
state drive (SSD). The memory sub-system 102 can have a 
number of channels 104 with each of the channels 104 
having a number of memory devices 106 including non-

25 volatile or NAND devices behind it. 

in a memory device including NAND. The BER can typi­
cally be detected within a code word protected by error 
correction code (ECC). The term "threshold voltage" (Vth) 
referred to herein is defined as a voltage setting applied to 
internal comparators of a memory device including NAND, 
which determine digital values stored in the memory 
device's cells. The term "error correction code" (ECC) 30 

referred to herein is defined as parity data generated over a 
set of data grouped into a code word. The term "retention" 
referred to herein is defined as an ability of memory cells to 
retain the programmed or correct information. 

The term "program/erase cycle" (P/E cycle) referred to 
herein is defined as a base level operation of how data is 
replaced within an erase block. For example, a memory 
device including NAND and other memory types can have 

35 

a limited number of useful P/E cycles. The term "recycling" 40 
referred to herein is defined as moving data from one flash 
page to another flash page for the purposes of either freeing 
up erase blocks to write new host data or to ensure that the 
data on the erase block is preserved. The term "decay" 
referred to herein is defined as an inability of memory cells 45 

to retain the programmed or correct information resulting in 
loss of the information. 

Each of 1 to N of the memory devices 106 in each of the 
channels 104 can include a number of erase blocks 108, 
where N is a counting number. For example, each of the 
memory devices 106 can include 4096 of the erase blocks 
108. Each of the erase blocks 108 can have a number of 
pages 110. For example, each of the erase blocks 108 can 
include 256 of the pages 110. 

A host system 112 can communicate with a memory 
controller 114 of the memory sub-system 102. As the host 
system 112 writes data, the data can be recorded or stored in 
the memory devices 106. The memory controller 114 inter-
faces with the host system 112 and controls the memory 
devices 106 to transfer data between the host system 112 and 
the memory devices 106. 

There are a number of ways of distributing the data across 
the channels 104. For example, the data can be distributed 
using a simple redundant array of independent disks (RAID) 
0 stripe. 

The memory sub-system 102 can include main power 
supplies 116 to provide power sources to the memory 
controller 114 and the memory devices 106. The main power 
supplies 116 can be sourced by a main host power input from 
the host system 112. 

Referring now to FIG. 2, therein is shown an exemplary 
50 hardware block diagram of the memory controller 114. The 

memory controller 114 can include a control unit 202, a 
storage unit 204, a memory interface unit 206, and a host 
interface unit 208. The control unit 202 can include a control 
interface 210. The control unit 202 can execute software 212 

In the past when solid state drives (SSDs) used SLC type 
NAND flash devices, data retention was 5 years or better. A 
number of P/E cycles was specified at 100,000, and typi­
cally, the devices were good from 300,000 to 1,000,000 P/E 
cycles. Therefore, active actions for data retention were not 
required. Now that MLC NAND devices with P/E cycles 
with as little as 3,000 or less and retention of 3 months or 
less are being used, the need to recycling for data retention 55 

is critical. 

One method for solving read retention was to have the 
SSD blindly move data, by re-writing via recycling, in a 
round robin scheme based on its logical block address 
(LBA). This method ignored any information about when 
the LBA it was moving was written, even if it was just 
written as the last operation performed. The trigger for this 
was typically a host write operation, and if there were no 
host write operations, the data could have retention issues. 

As an example, the method described above can be 
implemented using an algorithm as follows. 

stored in the storage unit 204 to provide the intelligence of 
the memory controller 114. 

The control unit 202 can be implemented in a number of 
different manners. For example, the control unit 202 can be 
a processor, an embedded processor, a microprocessor, a 

60 hardware control logic, a hardware finite state machine 
(FSM), a digital signal processor (DSP), or a combination 
thereof. 

The control interface 210 can be used for communication 
between the control unit 202 and other functional units in the 

65 memory controller 114. The control interface 210 can also 
be used for communication that is external to the memory 
controller 114. 
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The control interface 210 can receive information from 
the other functional units or from external sources, or can 
transmit information to the other functional units or to 
external destinations. The external sources and the external 
destinations refer to sources and destinations external to the 
memory controller 114. 

The control interface 210 can be implemented in different 
ways and can include different implementations depending 
on which functional units or external units are being inter­
faced with the control interface 210. For example, the 
control interface 210 can be implemented with a dedicated 
hardware including an application-specific integrated circuit 
(ASIC), a configurable hardware including a field-program­
mable gate array (FPGA), a discrete electronic hardware, or 
a combination thereof. 

The storage unit 204 can include both hardware and the 
software 212. For example, the software 212 can include 
control firmware. The storage unit 204 can include a volatile 
memory, a nonvolatile memory, an internal memory, an 
external memory, or a combination thereof. For example, the 
storage unit 204 can be a nonvolatile storage such as 
non-volatile random access memory (NVRAM), Flash 
memory, disk storage, or a volatile storage such as static 
random access memory (SRAM). 

The storage unit 204 can include a storage interface 214. 
The storage interface 214 can also be used for communica­
tion that is external to the memory controller 114. The 
storage interface 214 can receive information from the other 
functional units or from external sources, or can transmit 
information to the other functional units or to external 
destinations. The external sources and the external destina­
tions refer to sources and destinations external to the 
memory controller 114. 

6 
can further execute the software 212 for interaction with the 
memory devices 106 via the memory interface unit 206. 

The functional units in the memory controller 114 can 
work individually and independently of the other functional 

5 units. For illustrative purposes, the memory controller 114 is 
described by operation of the memory controller 114 with 
the host system 112 and the memory devices 106. It is 
understood that the memory controller 114, the host system 
112, and the memory devices 106 can operate any of the 

10 modules and functions of the memory controller 114. 
Referring now to FIG. 3, therein is shown an exemplary 

functional diagram of a number of the erase blocks 108 per 
each of the channels 104. For example, FIG. 3 shows four 
of the memory devices 106 behind each of the channels 104, 

15 although it is understood that each of the channels 104 can 
be associated with any number of the memory devices 106. 
Also for example, the memory devices 106 can be logical 
units (LUNs) or dies. 

For example, each of the memory devices 106 can have 
20 4096 of the erase blocks 108, although it is understood that 

each of the memory devices 106 can have any number of the 
erase blocks 108. Also for example, FIG. 3 shows eight of 
the channels 104 including NAND channels, although it is 
understood that there can be any number of the channels 104 

25 in the memory sub-system 102 of FIG. 1. 
Referring now to FIG. 4, therein is shown an exemplary 

functional diagram of a group of the erase blocks 108 that 
share the same age. For example, FIG. 4 shows a typical 
RAID 0 stripe, shown with a dash rectangle. RAID 0 is one 

30 of many ways that the memory sub-system 102 ofFIG.1 can 
store host data in the NAND or the memory devices 106. 
The RAID 0 stripe can be grouped in such a way that there 
is one of the erase blocks 108 from each of the channels 104 

The storage interface 214 can include different implemen­
tations depending on which functional units or external units 35 

are being interfaced with the storage unit 204. The storage 
interface 214 can be implemented with technologies and 
techniques similar to the implementation of the control 
interface 210. 

associated with a host write group. This is sometimes called 
a super block. 

The age of the data in this grouped set of the erase blocks 
108 can all be the same as it is written sequentially. If there 
is a big time gap between page host writes, this group of data 
can have a range of ages, but the next grouped set of the 

The memory interface unit 206 can enable external com­
munication to and from the memory controller 114. For 
example, the memory interface unit 206 can permit the 
memory controller 114 to communicate with the memory 
devices 106 of FIG. 1. 

40 erase blocks 108 can have a younger age since it can be 
written later. The absolute organization of striping or group­
ing of the erase blocks 108 can be varied. 

For example, it is more likely that the erase blocks 108 of 
the same age live in the same stripe (across the channels 

The memory interface unit 206 can include a memory 
interface 216. The memory interface 216 can be used for 
communication between the memory interface unit 206 and 
other functional units in the memory controller 114. The 
memory interface 216 can receive information from the 
other functional units or can transmit information to the 
other functional units. 

45 104), as the stripe is written as one or very closely in time. 
This is from using the channels 104 in a RAID 0 configu­
ration. Also for example, data can be written using the 
channels 104 in any configuration. As a specific example, 
the data can be written across the channels 104. Further, for 

50 example, in general the erase blocks 108 of the same age can 
be located anywhere within the total pool of the erase blocks 
108. The memory interface 216 can include different imple­

mentations depending on which functional units are being 
interfaced with the memory interface unit 206. The memory 
interface 216 can be implemented with technologies and 55 

techniques similar to the implementation of the control 
interface 210. 

The host interface unit 208 allows the host system 112 of 
FIG. 1 to interface and interact with the memory controller 
114. The host interface unit 208 can include a host interface 60 

218 to provide communication mechanism between the host 
interface unit 208 and the host system 112. 

The control unit 202 can operate the host interface unit 
208 to send control or status information generated by the 
memory controller 114 to the host system 112. The control 65 

unit 202 can also execute the software 212 for the other 
functions of the memory controller 114. The control unit 202 

Referring now to FIG. 5, therein is shown an exemplary 
functional diagram of the erase blocks 108 with different 
ages 502. FIG. 5 depicts an exemplary snapshot of the erase 
blocks 108 with the ages 502. For example, FIG. 5 is shown 
with four of the erase blocks 108 from all active blocks from 
one of the channels 104 of FIG. 1 with different values of the 
ages 502, such as 30 days, 1 hour, 4 days, and 3 hours. 

FIG. 5 shows an organization of data in the pages 110 by 
independent instances of the erase blocks 108. The ages 502 
of data in each of the erase blocks 108 can have sequential 
values. FIG. 5 also shows how the erase blocks 108 with 
different values of the ages 502 can be scattered. 

Referring now to FIG. 6, therein is shown a workflow 
diagram of the memory controller 114. After data is written 
to the memory devices 106 of FIG. 1 including NAND flash, 
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the data can decay over time. If the data is left on a particular 
instance of the erase blocks 108 of FIG. 1 of the memory 
devices 106 indefinitely, eventually too much of the data can 
become corrupt and the data can be unobtainable even with 
ECC correction. This effect can occur whether a solid state 5 

drive (SSD) or the memory sub-system 102 of FIG. 1 is 
powered on or powered off. 

For example, if a particular NAND flash or one of the 
memory devices 106 is capable of retaining data for 3 
months at a particular temperature, and the SSD has data 10 

written to it and immediately stored for 2.5 months, the data 
on the SSD can be vulnerable to data loss if the data is not 
moved within 0.5 months. In an extreme case, the SSD can 

8 
of its data is at risk, it can accelerate movement of the erase 
blocks 108 through a write queue so that the SSD can 
perform relatively more data-retention recycles compared to 
other writes including the host writes 614. 

Upon completion of the recycle module 612, normal 
operation of the SSD can be performed with a normal 
operation module 616. The normal operation module 616 
performs operations including interfacing with the host 
system 112 and the memory devices 106 to read, write, and 
delete data from or to a logical address space for control and 
management of the data from the host system 112. 

If using time pools, the SSD can increase an effective time 
that each time tick represents until data-retention risk is be powered off for the entire duration that the NAND flash 

or the memory devices 106 can be capable of retaining the 
data and then powered on; in that case, the data can be 
vulnerable unless the SSD takes immediate action to move 
the data to new instances of the erase blocks 108. 

There are at least two simple approaches to the problem: 
1. Ignore the issue and always power up assuming no 

decay has occurred during power off. To avoid losing the 
data, an SSD with this approach will have to have a lot of 
margin on its flash to absorb possible power-off retention 
decay. Thus, this approach eats into and thus negatively 
affects endurance. 

15 eliminated. The time pools are the erase blocks 108 that are 
grouped in the SSD). The SSD can place the erase blocks 
108 that are newly written in the most-recent time pool. 
Each time pool represents one time period, and each time 
period that elapses, the contents of each time pool can be 

20 shifted to the next-oldest time pool. 
The terms "oldest" and "freshest" referred to herein are 

associated with how recent data has been written. For 
example, the data can be determined as oldest or freshest 
based on a time stamp on the data. The time stamp is a 

25 numerical value of a time of day. 
2. Every time the drive powers up, assume there could 

have been decay and refresh all the data on the drive. This 
The time pool at the end of the chain holds the erase 

blocks 108 that are at risk of data-retention issues. If the SSD 
has the erase blocks 108 in the last time pool, it can move 
the data to other instances of the erase blocks 108 before any 

has a performance and endurance impact because many 
power-off times will be very short and thus do not require 
refreshing all the data. 30 of the erase blocks 108 hits or reaches a threshold where data 

In contrast, the purpose of the memory controller 114 as 
described herein is for an SSD or the memory sub-system 
102 that takes a power-off time 602 into account when 
determining whether it needs to move data to different 
instances of the erase blocks 108. A method is to determine 35 

retention is suspected. 
For example, the SSD can only hold data for 20 days 

without the data becoming at risk due to flash limitations. In 
this case, there can be 20 time pools, with a time period 
being 1 day between the time pools. 

The concepts described herein can be constructed and 
used in a solid state drive (SSD) under development. This 
concept can also be retrofitted into almost any SSD product 
with a design that requires a process to recover data after 

which of the erase blocks 108, if any, require refresh and 
then only recycling data on those instances of the erase 
blocks 108. This allows avoiding the costs of the simple 
approaches described above. A number of specific methods 
for estimating a power-off decay rate 604 will be described 
in more details. 

40 long retention times or an increase in data integrity at boot 
time. 

Functions or operations of the memory controller 114 as 
described above can be implemented in hardware, software, 
or a combination thereof. The memory controller 114 can be 

A key concept as described herein is that the SSD or the 
memory sub-system 102 is able to estimate how much the 
data in the SSD has decayed while the SSD has been 
powered off by a power-down module 606. This decay rate 
or the power-off decay rate 604 is a function of both time and 
temperature. For example, the power-off decay rate 604 can 
be directly proportional to time and temperature. As a 
specific example, at hotter temperatures, the flash or the 
memory devices 106 lose their data faster. 

45 implemented with the control unit 202 of FIG. 2, the storage 
unit 204 of FIG. 2, the memory interface unit 206 of FIG. 2, 
the host interface unit 208 of FIG. 2, or a combination 
thereof. 

For example, the power-down module 606 can be imple-

On power-up by a power-up module 608, the SSD can 
detect how many of the erase blocks 108 are vulnerable to 
losing data using a decay estimation module 610, The decay 
estimation module 610 can estimate the power-off time 602 

50 mented with the control unit 202 to power off the memory 
sub-system 102. Also for example, the power-up module 
608 can be implemented with the control unit 202 to power 
up the memory sub-system 102. 

in the SSD. If the detected issues are large, the SSD may 55 

elect to refresh all data using a recycle module 612. The 
recycle module 612 recycles data on the erase blocks 108 
that are vulnerable to data loss. 

For example, the decay estimation module 610 can be 
implemented with the control unit 202 to estimate the 
power-off decay rate 604 upon the memory sub-system 102 
powered up. Also for example, the recycle module 612 can 
be implemented with the control unit 202 to recycle the erase 
blocks 108 for data retention based on the power-off decay The embodiments described herein can include a notion 

that the SSD can mix data-retention recycling with other 
drive operations including new host writes 614, which are 
operations for storing data from the host system 112 of FIG. 

60 rate 604. 

1 to the memory sub-system 102. As an example, an efficient 
way to handle this mix is to use the recycle module 612 to 
adjust how quickly the SSD recycles for data retention based 65 

on how many data-retention recycles it has pending. For 
example, if the SSD powers up and discovers that nearly all 

The power-down module 606 can be coupled to the 
power-up module 608 and the normal operation module 616. 
The power-up module 608 can be coupled to the decay 
estimation module 610. The decay estimation module 610 
can be coupled to the recycle module 612. The recycle 
module 612 can be coupled to the normal operation module 
616. 
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The storage control system 100 of FIG. 1 is described 
with module functions or order as an example. The modules 
can be partitioned differently. For example, the power-down 
module 606 and the power-up module 608 can be combined. 
Each of the modules can operate individually and indepen- 5 

dently of the other modules. 
Further, data generated in one module can be used by 

another module without being directly coupled to each other. 
Yet further, the power-down module 606, the power-up 
module 608, the decay estimation module 610, the recycle 10 

module 612, and the normal operation module 616 can be 
implemented as hardware accelerators (not shown) within 

10 
The oldest data error estimation module 702 can be 

implemented using methods employing gradients to deter­
mine how much decay in the erase blocks 108 has occurred. 
For example, the amount of decay in the erase blocks 108 
can be used to determine a number of days that have passed 
while the SSD has been powered down. 

For efficiency, the decay estimation module 610 can 
choose representative samples of the erase blocks 108 to 
examine rather than examining every one of the erase blocks 
108 providing improved performance when the SSD boots 
up. For example, the representative samples can be one out 
of every N of the erase blocks 108, where N is a predeter­
mined numerical value. Also for example, a range of one to 
four out of 4,096 of the erase blocks 108 per flash die or one 

the control unit 202 or can be implemented as hardware 
accelerators (not shown) in the memory controller 114 or 
outside of the memory controller 114. 

Referring now to FIG. 7, therein is shown a detailed 
functional diagram of the decay estimation module 610. The 
embodiments described herein can include a number of 

15 of the memory devices 106 can be selected for the repre­
sentative samples. A change in BER of two of the erase 
blocks 108 per flash die can be examined. 

methods using modules implemented in the decay estima­
tion module 610 as described below for estimating the 20 

power-off decay rate 604 of FIG. 6 and the power-off time 
602 of FIG. 6. 

The decay estimation module 610 can include a freshest 
data error estimation module 708 to determine the error rate 
704 of most-recent data or freshest data 710, which are 
information that has most recently been written to the 
memory devices 106. In this scheme, during power down, 
the memory controller 114 of FIG. 1 can record the data that 
it wrote most recently in order to determine the freshest data 

The decay estimation module 610 can include an oldest 
data error estimation module 702 to determine an error rate 
704 of oldest data 706, which are information that has least 
recently been written to the memory devices 106 of FIG. 1. 
An increase or decrease in the value of the error rate 704 

25 710. 
When powering up, the freshest data error estimation 

module 708 can examine one of the erase blocks 108 with 
indicates that the power-off decay rate 604 increases or the freshest data 710 and estimate its data retention. The 
decreases, respectively. First, the decay estimation module freshest data error estimation module 708 can then use this 
610 can estimate the data retention of the oldest data 706 in 30 result to estimate data retention of other instances of the 
one of the erase blocks 108 of FIG. 1 that was written to the erase blocks 108 in the SSD. 
longest time ago. 

If the oldest data 706 is at risk of data loss, the decay 
estimation module 610 can flag it to the recycle module 612 
of FIG. 6 for data-retention recycling. The decay estimation 35 

module 610 can keep examining the erase blocks 108 in 
order of oldest-to-freshest data until it comes across the 
erase blocks 108 that do not have data-retention issues and 
stops there. 

For example, the oldest data 706 on the SSD can be 40 

determined by looking at a sequence number that is written 
out with data. This sequence number is sequential and 
contiguous in that the number is incremented on every write 
operation and stored in metadata along with the data. The 
sequence number does not have any indication of an amount 45 

of time between sequence number writes. 
For example, the oldest data error estimation module 702 

can be implemented using a threshold for bit error rates. For 
example, the threshold can be an expected bit error rate. 
When the bit error rates are higher than the threshold, the 50 

erase blocks 108, for which the bit error rates are deter­
mined, can be recycled. As long as the oldest data error 
estimation module 702 detects the bit error rates above the 
threshold, it can continue the recycling process until it 
detects the erase blocks 108 having the bit error rates below 55 

the threshold. All the erase blocks 108 above the threshold 
can be determined to be in critical need of recycling. 

The decay estimation module 610 can include a surrogate 
data error estimation module 712 to determine the error rate 
704 of surrogate data 714, which are information in a 
surrogate portion of the memory devices 106 set aside by the 
memory controller 114 as a measure of data retention for the 
SSD. The surrogate data error estimation module 712 can 
precondition the surrogate portion of the memory devices 
106 to a known data retention state. 

For example, the surrogate data error estimation module 
712 can utilize the surrogate portion of the memory devices 
106 for a certain number of program/erase cycles and with 
a certain pattern. It can then examine the surrogate data 714 
in the surrogate portion on power up to estimate the data, 
retention effect during the power loss to determine the error 
rate 704 of the surrogate data 714. 

The decay estimation module 610 can include a threshold 
voltage change estimation module 716 to determine the 
power-off decay rate 604. Similar to the error-rate changes 
described above, the memory controller 114 can record an 
optimal read threshold or a pre-power-down threshold volt-
age 718 prior to powering down. The pre-power-down 
threshold voltage 718 can be recorded by the normal opera­
tion module 616 of FIG. 6 prior to being powered down. 

The pre-power-down threshold voltage 718 can be 
recorded for a subset of the erase blocks 108 and the pages 
110 of FIG. 1 associated thereof. The threshold voltage 
change estimation module 716 can determine an optimal 
read threshold or a post-power-up threshold voltage 720 

Also for example, the ages 502 of FIG. 5 of a flash die can 
be associated with particular bit error rates. When the 
memory sub-system 102 of FIG. 1 is powered up, the oldest 
data error estimation module 702 can estimate the retention 
of the die in terms of how it performs after the power-off 
time 602 based on the ages 502. Then, the oldest data error 
estimation module 702 can determine a difference in per­
formance, determine how much retention time that each of 
the ages 502 can support, and then use that difference to 
determine how much retention time might have elapsed. 

60 after power up for the same instances of the erase blocks 108 
and the pages 110. If the optimal read threshold is 
unchanged, the threshold voltage change estimation module 
716 can infer that little or no power-off retention issues were 
introduced. The optimal read threshold can be determined as 

65 unchanged when a difference between the pre-power-down 
threshold voltage 718 and the post-power-up threshold volt­
age 720 is zero. 
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724 has been powered on, the get host time/date module 724 
can receive a new start-up time/date 730, which is a time of 
day, from the host system 112. 

Using this scheme, the SSD can calculate the power-off 
time 602 that indicates how long, in real time, it has been 
powered off. The power-off time 602 can be determined 
based on a difference between the new start-up time/date 730 
and the real wall-clock time 728 that has been stored before 

The further the optimal read threshold is shifted away 
from normal (or center), the less data retention the erase 
blocks 108 can have. A big shift in threshold signals the 
erase blocks 108 at greater risk. The optimal read threshold 
can further shift when the post-power-up threshold voltage 5 

720 is further away from the pre-power-down threshold 
voltage 718. For example, the post-power-up threshold 
voltage 720 is further shifted when the post-power-up 
threshold voltage 720 is increasingly lower than the pre­
power-down threshold voltage 718. 

Using the optimal read threshold including the pre-power­
down threshold voltage 718 and the post-power-up threshold 
voltage xx, the SSD can use a formula in Equation 1 to 
estimate a decay 722, which can be used to estimate a 
retention time. The decay 722 is a numerical value that 15 

indicates an amount or how much data stored in the erase 
blocks 108 has decayed. 

the SSD or the get host time/date module 724 in the memory 
10 controller 114 is powered off. The difference can be calcu­

lating by subtracting the real wall-clock time 728 from the 
new start-up time/date 730. 

Decay~( optimal_Vth,
0 
-optimal_ Vth,i)* K( age,dwell), 

The power-off time 602 can be used to calculate the 
power-off decay rate 604. The power-off time 602 can be 
directly proportional to the power-off decay rate 604. For 
example, an increase in the power-off time 602 can directly 
cause an increase in the power-off decay rate 604. 

The decay estimation module 610 can include a pull host 
time/date module 732 to determine how long, in real time, 

where "Decay" is the decay 722, "optimal_ Vth,
0

" is the 
pre-power-down threshold voltage 718, "optimal_ Vth,i'' is 
the post-power-up threshold voltage 720, and "K" is a 
constant based on age and dwell of the memory devices 106. 
The power-off decay rate 604 indicates the decay 722 of data 
stored in the erase blocks 108 over a predetermined unit of 
time while the SSD is powered off. 

20 the SSD or the memory sub-system 102 has been powered 
off. The SSD or the pull host time/date module 732 can 
asynchronously pull or query the current time/date or the 
initial start-up time/date 726 from the host system 112. 

The term "asynchronous" referred to herein is associated 

The decay 722 is loss of data or an increase number of bits 
in error. When a device is powered off, the decay 722 is a 
form of charge loss. The decay 722 can also take place while 
the SSD is being used but continuous recycling will be 
re-writing the data and refreshing it. In this context, an 
amount of decay or increase in bit error rate while the SSD 

25 with either the host system 112 sends a time/date to the SSD 
without a request from the SSD or the SSD triggers the host 
system 112 to send a time/date to the SSD. For example, the 
SSD firmware can trigger by sending a request to the host 
system 112 to send a time/date to the SSD. The time/date is 

30 not a normal packet of data that is continuously transmitted. 

is powered off is referred to herein. 

In this context, asynchronous refers to a function associated 
with a time/date that can be triggered at any time including 
right after power up, during running, or just before power 
down. 

The pull host time/date module 732 can ask or query the 
host system 112 for the current time/date every time it 
powers up and use the scheme above as described for the get 
host time/date module 724 to determine the power-off time. 
The pull host time/date module 732 can determine the 

The performance, retention, and endurance of the memory 
devices 106 can be affected by the amount of time between 35 

writes/erases performed in the memory devices 106. For 
example, data can be written to one of the erase blocks 108 
and that block is erased, and then a number of hours have 
elapsed before that block is written again versus using that 
block immediately again. The performance, retention, and 
endurance can be better on the block associated with the 
number of hours have elapsed before that block is written 
again or with a longer dwell time. Therefore, the ratio of how 
fast and how often the erase blocks 108 are used or written 
can indicate how much the erase blocks 108 are degraded. 45 

40 power-off time 602 based on the real wall-clock time 728 
and the new start-up time/date 730. The pull host time/date 
module 732 can determine the real wall-clock time 728 
using the initial start-up time/date 726 as the starting point 

Dwell is an amount of time between P/E cycles. One 
example is one of the erase blocks 108 is erased and not 
written to for tens (!Os) of minutes. If the time between P/E 
cycles is short including tens (1 Os) of seconds or less, one of 
the erase blocks 108 can age faster and show less retention 50 

than another of the erase blocks 108 with longer dwell times. 
The decay estimation module 610 can include a get host 

time/date module 724 to determine how long, in real time, 
the SSD or the memory sub-system 102 has been powered 
off. The get host time/date module 724 can get or receive an 55 

initial start-up time/date 726, which is a time of day, from 
the host system 112 of FIG. 1. With this method, the host 
system 112 can send the get host time/date module 724 in the 
SSD a message indicating a current time/date or the initial 
start-up time/date 726 whenever the host system 112 initially 60 

connects with the SSD. 

and the new start-up time/date 730 upon or after the pull host 
time/date module 732 has been powered on. 

The decay estimation module 610 can include a real-time 
clock module 734 to determine how long, in real time, the 
SSD or the memory sub-system 102 has been powered off. 
Similar to the two methods described above for the get host 
time/date module 724 and the pull host time/date module 
732, the real-time clock module 734 can use a real-time 
clock 736 to track the real wall-clock time 728 to know how 
long the SSD has been powered off. However, the real-time 
clock 736 does not need to be on the host system 112. The 
SSD itself can be capable of having a self-powered and 
continuously powered real-time clock using a device that 
generates a real or current time of day. 

The real-time clock module 734 can store the real wall­
clock time 728 in a non-volatile memory just before or while 
the SSD is powering off. Upon or after the real-time clock 
module 734 has been powered on, the real-time clock 
module 734 can determine the new start-up time/date 730 
using a current value of the real wall-clock time 728 from 
the real-time clock 736. The real-time clock module 734 can 

The get host time/date module 724 can track a real 
wall-clock time 728, which is a time of day, using the initial 
start-up time/date 726 as the starting point. The get host 
time/date module 724 can also store the real wall-clock time 
728 in a non-volatile memory just before or while the SSD 
is powering off. Upon or after the get host time/date module 

65 determine the power-off time 602 by subtracting the real­
time clock 736 stored before it was powered off and the new 
start-up time/date 730. 
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It has been discovered that the SSD or the memory 
sub-system 102 provides improved reliability by estimating 
the power-off decay rate 604 in NAND flash data retention 
while the SSD is powered off. The power-off decay rate 604 
allows the recycle module 612 to recycle data on the erase 5 

blocks 108 that need refresh thereby eliminating loss of the 
data. 

14 
calculating the power-off decay rate 604 using the power-off 
time 602 based on a difference between the real wall-clock 
time 728 and the new start-up time/date 730 received by the 
get host time/date module 724 from the host system 112. 

It has further been discovered that the pull host time/date 
module 732 for calculating the power-off time 602 for 
indicating how long the memory sub-system 102 has been 
powered off significantly reduces performance degradation. 
The performance degradation is significantly reduced by 

It has also been discovered that the SSD) or the memory 
sub-system 102 that uses estimates of the power-off decay 
rate 604 that occurred while the SSD is powered off provides 
improved reliability. The power-off decay rate 604 allows 

10 calculating the power-off decay rate 604 using the power-off 
time 602 based on a difference between the real wall-clock 
time 728 and the new start-up time/date 730 by the pull host 
time/date module 732 asynchronously querying the host 

the recycle module 612 to determine when to recycle for 
data retention. The power-off decay rate 604 used to deter­
mine when to recycle for data retention also improves 
performance because refresh all data upon powering up 15 

takes longer time for the SSD to boot. 

system 112. 
It has further been discovered that the real-time clock 

module 734 for calculating the power-off time 602 for 
indicating how long the memory sub-system 102 has been 
powered off significantly reduces performance degradation. 
The performance degradation is significantly reduced by 

It has further been discovered that the SSD or the memory 
sub-system 102 that estimates time decay provides improved 
reliability by analyzing the power-off decay rate 604 of data 
on the memory devices 106. 20 calculating the power-off decay rate 604 using the power-off 

time 602 based on the real wall-clock time 728 from the It has further been discovered that the SSD or the memory 
sub-system 102 that analyzes the decay of data on the 
memory devices 106 provides improved reliability by con­
sidering the oldest-written data or the oldest data 706. The 
improved reliability is provided by estimating the error rate 25 

704 of the oldest data 706 in the erase blocks 108 at risk of 
data loss. 

real-time clock 736 self-powered and continuously powered 
in the memory sub-system 102. 

It has further been discovered that the decay estimation 
module 610 selecting the representative samples of the erase 
blocks 108 to examine rather than examining every one of 
the erase blocks 108 provides improved performance when 
the SSD boots up. The improved performance is provided 
when the representative samples are in a range of one to four 

It has further been discovered that the SSD or the memory 
sub-system 102 that analyzes the decay of data on the 
memory devices 106 provides improved reliability by con­
sidering the most-recently-written data or the freshest data 
710. The improved reliability is provided by estimating the 
error rate 704 of the freshest data 710 in the erase blocks 108 
at risk of data loss. 

30 out of 4,096 of the erase blocks 108 per flash die or one of 
the memory devices 106. 

Functions or operations of the memory controller 114 of 
FIG. 1 as described above can be implemented in hardware, 
software, or a combination thereof. The memory controller 

It has further been discovered that the SSD or the memory 
sub-system 102 that analyzes the decay of data on the 
memory devices 106 provides improved reliability by con­
sidering the surrogate data 714 on a preconditioned surro­
gate page or the erase blocks 108. The improved reliability 
is provided by estimating the error rate 704 of the surrogate 
data 714 in portions of the memory devices 106 set aside as 
a measure of data retention for the memory sub-system 102. 

35 114 can be implemented with the control unit 202 of FIG. 2, 
the storage unit 204 of FIG. 2, the memory interface unit 206 
of FIG. 2, the host interface unit 208 of FIG. 2, or a 
combination thereof. 

For example, the oldest data error estimation module 702 

It has further been discovered that a scheme to mix 
data-retention recycles with other drive operations ifthere is 
at-risk data at power up provides improved reliability. The 
scheme uses the recycle module 612 to adjust how quickly 
the SSD recycles for data retention based on how many 
data-retention recycles it has pending. The scheme is used 

40 can be implemented with the control unit 202 to estimate the 
error rate 704 of the oldest data 706 in the erase blocks 108 
at risk of data loss. Also for example, the freshest data error 
estimation module 708 can be implemented with the control 
unit 202 to estimate the error rate 704 of the freshest data 

45 710 in the erase blocks 108 at risk of data loss. 

for the recycle module 612 to perform relatively more 
data-retention recycles for the erase blocks 108 compared to 50 

the host writes 614 from the host system 112 to provide the 
improved reliability. 

It has further been discovered that the threshold voltage 
change estimation module 716 for estimating the decay 722 
to calculate the power-off decay rate 604 significantly 55 

reduces performance degradation. The performance degra­
dation is significantly reduced by recycling the erase blocks 
108 for data retention using the decay 722 based on a 
difference between the pre-power-down threshold voltage 
718 and the post-power-up threshold voltage 720 and the 60 

constant (K) based on age and dwell of the memory devices 
106 for determining the power-off decay rate 604. 

It has further been discovered that the get host time/date 
module 724 for calculating the power-off time 602 for 
indicating how long the memory sub-system 102 has been 65 

powered off significantly reduces performance degradation. 
The performance degradation is significantly reduced by 

For example, the surrogate data error estimation module 
712 can be implemented with the control unit 202 to 
estimate the error rate 704 of the surrogate data 714 in the 
erase blocks 108 at risk of data loss. Also for example, the 
threshold voltage change estimation module 716 can be 
implemented with the control unit 202 to estimate the decay 
722 based on a difference between the pre-power-down 
threshold voltage 718 and the post-power-up threshold volt­
age 720 for determining the power-off decay rate 604. 

For example, the get host time/date module 724 can be 
implemented with the control unit 202 to calculate the 
power-off time 602 based on a difference between the real 
wall-clock time 728 and the new start-up time/date 730 
received by the get host time/date module 724 from the host 
system 112. Also for example, the pull host time/date 
module 732 can be implemented with the control unit 202 to 
calculate the power-off time 602 based on a difference 
between the real wall-clock time 728 and the new start-up 
time/date 730 by the pull host time/date module 732 asyn­
chronously querying the host system 112, Further, for 
example, the real-time clock module 734 can be imple­
mented with the control unit 202 to calculate the power-off 
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time 602 based on the real wall-clock time 728 from the 
real-time clock 736 self-powered in the memory sub-system 
102. 

The oldest data error estimation module 702 can be 
coupled to the power-up module 608 and the freshest data 5 

error estimation module 708. The freshest data error esti­
mation module 708 can be coupled to the surrogate data 
error estimation module 712. The surrogate data error esti­
mation module 712 can be coupled to the threshold voltage 
change estimation module 716. The threshold voltage 10 

change estimation module 716 can be coupled to the get host 
time/date module 724. The get host time/date module 724 
can be coupled to the pull host time/date module 732. The 
pull host time/date module 732 can be coupled to the 15 
real-time clock module 734. 

The storage control system 100 of FIG. 1 is described 
with module functions or order as an example. The modules 
can be partitioned differently. For example, the get host 
time/date module 724 and the pull host time/date module 20 

732 can be combined. Each of the modules can operate 
individually and independently of the other modules. 

Furthermore, data generated in one module can be used by 
another module without being directly coupled to each other. 
Yet further, the oldest data error estimation module 702, the 25 

freshest data error estimation module 708, the surrogate data 
error estimation module 712, the threshold voltage change 
estimation module 716, the get host time/date module 724, 
the pull host time/date module 732, and the real-time clock 
module 734 can be implemented as hardware accelerators 30 

(not shown) within the control unit 202 or can be imple­
mented as hardware accelerators (not shown) in the memory 
controller 114 or outside of the memory controller 114. 

The physical transformation of estimating the power-off 
decay rate 604 upon the memory sub-system 102 powered 35 

up for indicating how much data in the memory sub-system 
102 has decayed while the memory sub-system 102 has been 
powered down results in movement in the physical world, 
such as people using the memory sub-system 102 based on 
the operation of the storage control system 100. As the 40 

movement in the physical world occurs, the movement itself 
creates additional information that is converted back in to 
powering off the memory sub-system 102 and recycling the 
erase blocks 108 for data retention based on the power-off 
decay rate 604 for the continued operation of the storage 45 

control system 100 and to continue the movement in the 
physical world. 

Referring now to FIG. 8, therein is shown a flow chart of 
a method 800 of operation of a storage control system in a 
further embodiment of the present invention. The method 50 

800 includes: powering off a memory sub-system in a block 
802; estimating a power-off decay rate upon the memory 
sub-system powered up, the power-off decay rate is for 
indicating how much data in the memory sub-system has 
decayed while the memory sub-system has been powered 55 

down in a block 804; and recycling an erase block for data 
retention based on the power-off decay rate in a block 806. 

Thus, it has been discovered that the storage control 
system of the present invention furnishes important and 
heretofore unknown and unavailable solutions, capabilities, 60 

and functional aspects for a storage control system with 
power-off time estimation mechanism. The resulting 
method, process, apparatus, device, product, and/or system 
is straightforward, cost-effective, uncomplicated, highly ver­
satile, accurate, sensitive, and effective, and can be imple- 65 

mented by adapting known components for ready, efficient, 
and economical manufacturing, application, and utilization. 

16 
Another important aspect of the present invention is that 

it valuably supports and services the historical trend of 
reducing costs, simplifying systems, and increasing perfor­
mance. 

These and other valuable aspects of the present invention 
consequently further the state of the technology to at least 
the next level. 

While the invention has been described in conjunction 
with a specific best mode, it is to be understood that many 
alternatives, modifications, and variations will be apparent 
to those skilled in the art in light of the aforegoing descrip­
tion. Accordingly, it is intended to embrace all such alter­
natives, modifications, and variations that fall within the 
scope of the included claims. All matters hithertofore set 
forth herein or shown in the accompanying drawings are to 
be interpreted in an illustrative and non-limiting sense. 

What is claimed is: 
1. A method of operation of a storage control system 

comprising: 
powering off a memory sub-system; 
estimating power-off decay in respective blocks of a set of 

blocks of the memory sub-system upon the memory 
sub-system powering up, wherein the estimated power­
off decay for a particular block is a numerical value 
indicating how much data in the particular block of the 
memory sub-system has decayed while the memory 
sub-system has been powered down, and the estimated 
power-off decay for the particular block is calculated as 
a function of a difference between a pre-power-down 
threshold voltage and a post-power-up threshold volt­
age; and 

identifying blocks in the memory sub-system for which 
the estimated power-off decay has reached a threshold 
and recycling at least the identified blocks in the 
memory sub-system for data retention; 

wherein estimating power-off decay includes calculating 
a power-off time for indicating how long the memory 
sub-system has been powered off and estimating the 
power-off decay as a function of the power-off time. 

2. The method as claimed in claim 1, wherein estimating 
includes: 

in accordance with an identification of oldest data in the 
set of blocks, identifying an age of the oldest data in the 
set of blocks; 

estimating data retention of the oldest data in the set of 
blocks based on the identified age of the oldest data in 
the set of blocks, the oldest data comprising data least 
recently written to the set of blocks; 

determining, based on the estimated data retention of the 
oldest data, that the oldest data is at risk of data loss; 

in accordance with determining that the oldest data is at 
risk of data loss, flagging the oldest data for data 
retention recycling; and 

repeating the estimating, determining, and flagging with 
respect to a plurality of additional erase blocks in the 
memory sub-system, in an order corresponding to 
oldest-to-freshest data stored in the memory sub-sys­
tem, until identifying an erase block that is not at risk 
of data loss. 

3. The method as claimed in claim 1, wherein estimating 
includes: 

in accordance with an identification of freshest data in the 
set of blocks, identifying an age of the freshest data in 
the set of blocks; 

estimating data retention of freshest data in the set of 
blocks based on the identified age of the freshest data 
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in the set of blocks, the freshest data comprising data 
most recently written to the set of blocks; and 

using the data retention of the freshest data to estimate 
data retention of other erase blocks. 

4. The method as claimed in claim 1, wherein estimating 5 

includes: estimating an error rate of surrogate data as a 
measu_re of data retention for the memory sub-system, 
wh~rem the s~rrogate data is stored in a portion of a memory 
device set aside for measuring data retention. 

5. The method as claimed in claim 1, wherein estimating 10 

the power-off decay comprises estimating the power-off 
decay as a function of time and temperature. 

6. The method as claimed in claim 1, wherein estimating 
the power-off decay includes obtaining a power-up date and 
time by querying a host system and calculating a power-off 15 

time for indicating how long the memory sub-system has 
been powered off, the power-off time based on the obtained 
power-up date and time. 

7. The method as claimed in claim 1, wherein estimating 
the power-off decay includes obtaining a power-up date and 20 

time by querying a real-time clock self-powered in the 
memory sub-system and calculating a power-off time for 
indicating how long the memory sub-system has been pow­
ered off, the power-off time based on the obtained power-up 
date and time. 25 

_s. T~e method as claimed in claim 1, wherein the recy­
clmg mcludes accelerating movement of the identified 
blocks through a write queue. 

9. A storage control system comprising: 
a power-down module configured to power off a memory 30 

sub-system; 
a decay estimation module, coupled to the power-down 

module, configured to estimate power-off decay in 
respective blocks of a set of blocks of the memory 
sub-system upon the memory sub-system powering up, 35 

wherein the estimated power-off decay for a particular 
block is a numerical value indicating how much data in 
the particular block of the memory sub-system has 
decayed while the memory sub-system has been pow­
ered down, and the estimated power-off decay for the 40 

particular block is calculated as a function of a differ­
ence between a pre-power-down threshold voltage and 
a post-power-up threshold voltage; and 

a recycle module, coupled to the decay estimation mod­
ule, configured to identify blocks in the memory sub- 45 

system for which the estimated power-off decay has 
reached a threshold and recycling at least the identified 
blocks in the memory sub-system for data retention· 

wherein the decay estimation module is configured ~o 
calculate a power-off time for indicating how long the 50 

memory sub-system has been powered off and estimat-
ing the power-off decay as a function of the power-off 
time. 

10. The system as claimed in claim 9, wherein the decay 
estimation module is for: 

18 
identifying an age of the oldest data in the set of blocks 

in accordance with an identification of oldest data in the 
set of blocks; 

estimating data retention of the oldest data in the set of 
blocks based on the identified age of the oldest data in 
the set of blocks, the oldest data comprising data least 
recently written to the set of blocks; 

determining, based on the estimated data retention of the 
oldest data, that the oldest data is at risk of data loss· 

in accordance with determining that the oldest data is a~ 
risk of data loss, flagging the oldest data for data 
retention recycling; and 

repeating the estimating, determining, and flagging with 
respect to a plurality of additional erase blocks in the 
memory sub-system, in an order corresponding to 
oldest-to-freshest data stored in the memory sub-sys­
tem, until identifying an erase block that is not at risk 
of data loss. 

~1. T.he system as claimed in claim 9, wherein the decay 
estJmat10n module is for: 

identifying an age of the freshest data in the set of blocks 
in accordance with an identification of freshest data in 
the set of blocks; 

estimating data retention of freshest data in the set of 
blocks based on the identified age of the freshest data 
in the set of blocks, the freshest data comprising data 
most recently written to the set of blocks; and 

using the data retention of the freshest data to estimate 
data retention of other erase blocks. 

~2. ~he system as claimed in claim 9, wherein the decay 
estJmat10n module is for estimating an error rate of surrogate 
data as a measure of data retention for the memory sub­
system, wherein the surrogate data is stored in a portion of 
a memory device set aside for measuring data retention. 

~3. ~he system as claimed in claim 9, wherein the decay 
estJmat~on module is for estimating the power-off decay as 
a funct10n of the power-off time and temperature. 

~4. ~he system as claimed in claim 13, wherein the decay 
estJmat10n module is for obtaining a power-up date and time 
by querying a host system and calculating the power-off time 
for indicating how long the memory sub-system has been 
powered off, the power-off time based on the obtained 
power-up date and time. 

~5. ~he system as claimed in claim 13, wherein the decay 
estJmat10n module is for obtaining a power-up date and time 
by querying a real-time clock self-powered in the memory 
sub-system and calculating the power-off time for indicating 
how long the memory sub-system has been powered off the 
power-off time based on the obtained power-up date' and 
time. 

16. The system as claimed in claim 9, wherein the recycle 
module is for accelerating movement of the identified blocks 
through a write queue. 

* * * * * 
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